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Abstract
We present an alternative formulation of duality-symmetric eleven-
dimensional supergravity with both three-form and six-form gauge fields.
Instead of the recently-proposed scalar auxiliary field, we use a simpler
lagrangian with a non-propagating auxiliary multiplier tensor field with
eight-indices. We also complete the superspace formulation in a duality-
symmetric manner. An alternative super M-5-brane action coupled to
this eleven-dimensional background is also presented. This formulation
bypasses the usual obstruction for an invariant lagrangian for a self-dual
three-form field strength, by allowing the self-duality only as a solution
for field equations, but not as a necessary condition.
1This work is supported in part by NSF grant # PHY-93-41926.
1. Introduction
Eleven-dimensional (11D) supergravity [1] has been known for a long time to have the
field content (eµ
m, ψµ, Aµνρ). In particular the significance of the three-form gauge field
Aµνρ with its four-form field strength was elucidated, when the supermembrane formulation
[2] was established with the consistent couplings to 11D supergravity. As the general con-
struction of p -brane reveals [3], there may well be an alternative formulation in 11D that
has the Hodge dual seven-form field strength Fµ1···µ7 , instead of the four-form field strength
Fµνρσ. Despite of considerable efforts to formulate such 11D supergravity theory using only
the seven-form field strength, the analysis in [4] indicated that there is no such a formulation
possible in 11D. This obstruction is also reflected in the fact that the lagrangian in [1] has
a Chern-Simons term containing not only the field strength Fµνρσ but also the gauge field
Aµνρ itself, preventing any duality transformations [5] into the dual field strength Fµ1···µ7 .
However, recent development in M-theory physics [6][7][8][9][10][11][12] suggests a slightly
different formulation of such a theory as the duality-symmetric limit using both the four- and
seven-form field strengths at the same time, known as super M-5-brane coupled to electric
and magnetic charges. Such a formulation should maintain the manifest duality-symmetry
between the four and seven-form field strengths.
Recently a component formulation for such eleven-dimensional supergravity theory has
been proposed [13], in which both the six-form and a three-form gauge fields are present in a
duality-symmetric way. This formulation has a constraint lagrangian with an auxiliary scalar
field a(x), that yields the duality relation between Fµνρσ and Fµ1···µ7 . This mechanism is
based on the constraint lagrangian in [14] using a gradient of the scalar auxiliary field forming
an unit vector vµ. Even though this formulation uses a single scalar auxiliary field a(x) [13],
there is much complication for the invariance confirmation of the total action due to the non-
polynomial and derivative structure of vµ ≡ (∂µa)[ (∂ρa)2 ]−1/2. This complication is also
reflected in the ‘field-dependent’ supersymmetry algebra {Qα, Qβ} = (γm)αβ[Pm−(∂ma)G ].2
In the present paper, we propose an alternative formulation of duality-symmetric super-
gravity theory in 11D, that has a much simpler constraint lagrangian, based on the general
technique in ref. [18]. Our lagrangian has a tensor auxiliary field with eight indices, which
are not totally anti-symmetric. We will show the simplicity of the confirmation of invariance
of the total action in our formulation. We also re-formulate our system in superspace, that
gives the confirmation of the validity of our theory. Additionally, we present a new but sim-
ple super M-5-brane action coupled to our duality-symmetric 11D supergravity backgrounds.
Our action bypasses the problem with an invariant lagrangian for a self-dual three-form field
strength [7], using certain constraint lagrangians.
2We point out that this algebra has a resemblance to the recent formulation in higher-dimensional
supergravity/supersymmetry, F- or S-theories using null-vectors [15], multi-locality [16], or a gradient
of a scalar field [17].
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2. 11D Lagrangian in Component Formulation
Since our result is simple, it is better for us to give it first, leaving the associated remarks
later. Our field content (eµ
m, ψµ, Aµνρ;Bµ1···µ6 ,Λ
m1···m4n1···n4) is almost the same as that of
Cremmer et al. [1], except that we have an additional six-form gauge field Bµ1···µ6
3 and a
tensor auxiliary field Λm1···m4n1···n4. Our total action I is simply a sum of three actions
I0, I1 and I2, where I0 has the original Cremmer-Julia-Scherk lagrangian [1]
4, and I1 and
I2 are our deliberately chosen new actions:
I ≡ I0 + I1 + I2 , I0 ≡
∫
d11xL0 , I1 ≡
∫
d11xL1 , I2 ≡
∫
d11xL2 , (2.1)
L0 ≡ −14eR(ω)− i
1
2
eψµγ
µνρDν(
ω+ω̂
2
)ψρ − 148eF⌊⌈4⌋⌉F ⌊⌈4⌋⌉ + 2(144)2 ǫ⌊⌈3⌋⌉⌊⌈4⌋⌉⌊⌈4⌋⌉
′
A⌊⌈3⌋⌉F⌊⌈4⌋⌉F⌊⌈4⌋⌉′
+ 1
192
e[ (ψµγ
µνρστωψν) + 12(ψ
ργστψω) ](Fρστω + F̂ρστω) , (2.2)
L1 ≡ +12eΛm1···m4n1···n4F̂m1···m4F̂n1···n4 , (2.3)
L2 ≡ +12eβF̂2⌊⌈4⌋⌉ (2.4a)
= +1
2
βeF̂ 2⌊⌈4⌋⌉ +
1
420
βeĜ2⌊⌈7⌋⌉ − 17!βǫ⌊⌈4⌋⌉⌊⌈7⌋⌉F̂⌊⌈4⌋⌉Ĝ⌊⌈7⌋⌉ . (2.4b)
The symbol ⌊⌈n⌋⌉ in general denotes the normalized anti-symmetric indices, e.g., F⌊⌈4⌋⌉F
⌊⌈4⌋⌉ ≡
Fµ1···µ4F
µ1···µ4 , in order to save space.5 As usual, other relevant quantities are such as
F̂µνρσ ≡ 4∂⌊⌈µAνρσ⌋⌉ − 3(ψ⌊⌈µγνρψσ⌋⌉) , ω̂µrs ≡ ωµrs + i4 (ψργµrs
ρσψσ) , (2.5)
with the Lorentz connection ωµrs containing ψ -torsion with γ
⌊⌈5⌋⌉ as well as the
γ⌊⌈1⌋⌉ -matrices [1]. All the hatted fields are supercovariantized in component formulation
[19]. The second action I1 is our deliberately chosen constraint action with Λ
⌊⌈4⌋⌉⌊⌈4⌋⌉′ as a
lagrange multiplier. The Λ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
is a non-propagating multiplier field, which is not totally
antisymmetric in all the eight indices, but instead with the (anti)symmetry
Λm1m2m3m4n1n2n3n4 = +Λn1n2n3n4m1m2m3m4 = −Λm2m1m3m4n1n2n3n4 , etc. (2.6)
Note also that all the indices in (2.3) are chosen to be local Lorentz indices, for a technical
reason to be mentioned later.6 These features will be important, when we confirm the
invariance under supersymmetry. The F̂⌊⌈4⌋⌉ is defined by
F̂m1···m4 ≡ F̂m1···m4 − 17!ǫm1···m4
n1···n7Ĝn1···n7 , (2.7)
3We use the symbol B instead of A for the six-form gauge field in this paper to distinguish it
from the three-form gauge field.
4In this section of component formulation, we use the notation [1] (η
mn
) =
diag. (+,−, · · · ,−), ǫ 012···9 10 = +1. We use m, n, ··· = (0), (1), ···, (10) for local Lorentz indices,
while µ, ν, ··· = 0, 1, ···, 10 for curved indices.
5This normalized ⌊⌈n⌋⌉-symbol is common to all the sections. In this paper we avoid the usage of
differential forms due to drawbacks, when confirming supersymmetric invariance of actions.
6Whenever the distinction between the local Lorentz and curved indices are crucial, we avoid the
usage of the symbol ⌊⌈n⌋⌉.
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Gµ1···µ7 ≡ 7∂⌊⌈µ1Bµ2···µ7⌋⌉ − 35F⌊⌈µ1···µ4Aµ5µ6µ7⌋⌉ , (2.8)
Ĝµ1···µ7 ≡ Gµ1···µ7 − i212 (ψ⌊⌈µ1γµ2···µ6ψµ7⌋⌉) . (2.9)
Here the field strength G⌊⌈7⌋⌉ contains the Chern-Simons form as expected from the con-
sistency in superspace formulation [20]. The lagrangian L1 is similar to those constraint
lagrangians in [18]. The β in L2 is an arbitrary real constant subject to conditions (2.21).
Eq. (2.4b) for L2 is to make the G2⌊⌈7⌋⌉ -kinetic term explicit. Note that the last ǫF̂ Ĝ -term
in (2.4b) is a total divergence at the lowest order, so it should be regarded as a trilinear term.
It is helpful to remember that L2 can be easily obtained by the simple field redefinition of
Λ⌊⌈4⌋⌉
⌊⌈4⌋⌉′ by a product of Kronecker’s delta (Cf. (2.15) below).
Our supersymmetry transformation rule is
δQeµ
m = −i(ǫγmψµ) , (2.10a)
δQψµ = +Dµ(ω̂)ǫ+ i
1
144
(γµ
⌊⌈4⌋⌉F̂⌊⌈4⌋⌉ − 8γ⌊⌈3⌋⌉F̂µ⌊⌈3⌋⌉)ǫ
− i1
6
(γµ⌊⌈4⌋⌉ǫΛ
⌊⌈4⌋⌉⌊⌈4⌋⌉′ − 8γ⌊⌈3⌋⌉ǫΛ
µ⌊⌈3⌋⌉
⌊⌈4⌋⌉′)F̂⌊⌈4⌋⌉′
− i1
6
β(γ
µ
⌊⌈4⌋⌉ǫ F̂⌊⌈4⌋⌉ − 8γ⌊⌈3⌋⌉ǫ F̂µ⌊⌈3⌋⌉) ≡ D̂µǫ , (2.10b)
δQAµνρ = +
3
2
(ǫγ⌊⌈µνψρ⌋⌉) , (2.10c)
δQBµ1···µ6 = +3i(ǫγ⌊⌈µ1···µ5ψµ6⌋⌉)− 20A⌊⌈µ1µ2µ3(δQAµ4µ5µ6⌋⌉) , (2.10d)
δQΛ
m1···m4n1···n4 =
[
+ i3
2
(ǫγµψµ)Λ
m1···m4n1···n4 + 4i(ǫγrψ
⌊⌈m1)Λm2m3m4⌋⌉rn1···n4
− 24i(ǫγρ⌊⌈2⌋⌉ψσ)Λρσ⌊⌈2⌋⌉′m1···m4Λ⌊⌈2⌋⌉⌊⌈2⌋⌉′n1···n4 − 96i(ǫγρψσ)Λρ⌊⌈3⌋⌉m1···m4Λσ⌊⌈3⌋⌉n1···n4
+ i1
6
(ǫγ⌊⌈4⌋⌉⌊⌈4⌋⌉
′νψν)Λ⌊⌈4⌋⌉
m1···m4Λ⌊⌈4⌋⌉′
n1···n4 − 24i(ǫγρ⌊⌈2⌋⌉⌊⌈2⌋⌉′ψρ)Λ⌊⌈2⌋⌉⌊⌈2⌋⌉′′m1···m4Λ⌊⌈2⌋⌉′⌊⌈2⌋⌉′′n1···n4
+ 32i(ǫγ⌊⌈2⌋⌉
⌊⌈3⌋⌉ψρ)Λ
ρσ⌊⌈2⌋⌉m1 ···m4Λσ⌊⌈3⌋⌉
n1···n4 + 12i(ǫγµψµ)Λ⌊⌈4⌋⌉
m1···m4Λ⌊⌈4⌋⌉n1···n4
]∣∣∣
Λ→Λ+δ···δ
+ (mi↔ni) . (2.10e)
The last manipulation (mi↔ni) is needed to make the r.h.s. to have the same symmetry as
Λ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
, while the operation |Λ→Λ+δ···δ is for the replacement Λm1···m4n1···n4 → Λm1···m4n1···n4+
βδ⌊⌈m1
⌊⌈n1 · · · δm4⌋⌉n4⌋⌉ of all the Λ⌊⌈4⌋⌉⌊⌈4⌋⌉′ in the square bracket. The significance of this operation
will be clarified shortly. The rules (2.10c) and (2.10d) justify the coefficients of ψ -dependent
terms in the supercovariant field strengths given above. Note also that all the indices in
(2.10e) are local Lorentz indices, but not curved indices, because the difference will yield
gravitino-linear terms out of elfbein variations.
Before confirming the invariance of our action under supersymmetry, we first consider
the field equations of all the fields. The Λ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
-field equation immediately gives the duality
constraint
F̂m1···m4 ≡ F̂m1···m4 − 17!ǫm1···m4
n1···n7Ĝn1···n7 = 0 , (2.11)
namely the duality between F̂⌊⌈4⌋⌉ and Ĝ⌊⌈7⌋⌉ like [13]. This is because the indices ⌊⌈4⌋⌉ and
⌊⌈4⌋⌉′ in the original Λ-field equation F̂⌊⌈4⌋⌉F̂⌊⌈4⌋⌉′ = 0 are free independent indices, implying
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that F̂⌊⌈4⌋⌉ = 0. Once eq. (2.11) is satisfied, we immediately see that the contribution of both
I1 and I2 to the A⌊⌈3⌋⌉ -field equation vanishes, because it contains one factor of F̂⌊⌈4⌋⌉ = 0 by
(2.11):
D̂µF̂
µ
ρστ − 1576e−1ǫρστ ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
F̂⌊⌈4⌋⌉F̂⌊⌈4⌋⌉′ = 0 . (2.12)
The same is also true for the gravitino field equation, even though ψµ is involved in F̂⌊⌈4⌋⌉:
iγµνρR̂νρ = 0 , (2.13)
where R̂µν ≡ D̂µψν − D̂νψµ is the supercovariant field strength of the gravitino in our
notation. Here the meaning of hat is the same one in the r.h.s. in (2.10b). An important
feature here is that this gravitino field equation has not only the contribution from L0, but
also that from L1 and L2 through the supercovariantized Ĝ⌊⌈7⌋⌉, proportional to Λ and
F̂ . This can be confirmed explicitly by taking the variation of F̂⌊⌈7⌋⌉ with respect to the
gravitino. The B⌊⌈6⌋⌉ -field equation is automatically satisfied by (2.11), due to the presence
of B⌊⌈6⌋⌉ only in F̂⌊⌈4⌋⌉. Now we see that the elfbein field equation is not affected, because of
the bilinear structure of L1 in F̂ , as other field equations:
R̂µν − 13(F̂µ⌊⌈3⌋⌉F̂ν⌊⌈3⌋⌉ − 124gµνF̂ 2⌊⌈4⌋⌉) = 0 . (2.14)
We therefore conclude that the only new effect of I1 and I2 on field equations is simply the
duality equation (2.11), and none of the field equations of the original fields eµ
m, ψµ, A⌊⌈3⌋⌉ are
affected. Moreover, the Λ-field is completely decoupled from any field equations in our
system. An important consequence of the duality condition (2.11) is that the B⌊⌈6⌋⌉ -field
has got dynamical freedom, because of its non-vanishing divergence due to this duality.
However, note also that the superficial kinetic term for B⌊⌈6⌋⌉ in L2 does not contribute to
the B⌊⌈6⌋⌉ -field equation, because there is always the on-shell vanishing factor accompanying
the variation. Eventually the degrees of freedom for all of these antisymmetric tensor field
stay the same as (84+84)/2 = 84. This feature of degrees of freedom is the same as in [13].
We now confirm the invariance of our total action I under supersymmetry dictated
by (2.10). As a universal notation, we distinguish the Cremmer et al.’s supersymmetry
transformation rule δ
(0)
Q [1] from our modified terms δ
(1)
Q in the transformation rule in
(2.10) which is Λ-dependent or β -dependent: δQ = δ
(0)
Q + δ
(1)
Q , except (2.10e), for which
δQΛ
⌊⌈4⌋⌉⌊⌈4⌋⌉′ = δ
(0)
Q Λ
⌊⌈4⌋⌉⌊⌈4⌋⌉′ , just for convenience of manipulations. In other words, δ
(1)
Q denotes
all the Λ-dependent and β -dependent terms in (2.10). We next introduce a technique that
drastically simplifies the whole computation. Note that L2 can be simply obtained from
L1 by the field redefinition
Λm1···m4
n1···n4 → Λm1···m4n1···n4 + βδ⌊⌈m1⌊⌈n1 · · · δm4⌋⌉n4⌋⌉ . (2.15)
This implies that to perform the above invariance check, we do not have to consider L2 as an
independent lagrangian, but once the invariance of I0+I1 is confirmed for the transformation
rule (2.10) with β = 0, then we can extrapolate this result to the general case β 6= 0, just
by the field redefinition (2.15).
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Recalling now δ
(0)
Q L0 = 0 [1], we can understand the invariance of our action under
supersymmetry when β = 0 as
0 =? δQ(L0 + L1) = (δ(0)Q + δ(1)Q )(L0 + L1)
= δ
(0)
Q L0 + δ(1)Q (L0 + L1) + δ(0)Q L1
= e(δ
(1)
Q ψµ)Ŝµ + δ(0)Q L1
= +i1
6
e
(
ǫγµ
⌊⌈4⌋⌉Λ⌊⌈4⌋⌉
⌊⌈4⌋⌉′F̂⌊⌈4⌋⌉′ + 8ǫγ(3)Λµ⌊⌈3⌋⌉⌊⌈4⌋⌉F̂⌊⌈4⌋⌉
)
(Ŝµ(0) + Ŝµ(1))
+ 1
2
[ δ
(0)
Q (eΛ
m1···m4n1···n4) ]F̂m1···m4F̂n1···n4 + eΛm1···m4n1···n4(δ(0)Q F̂m1···m4)F̂n1···n4 . (2.16)
Here Ŝµ is for the l.h.s. of the gravitino field equation, while Ŝµ(1) denotes the terms in
Ŝµ coming only from I1, as is easily computed:
Ŝµ ≡ e−1 δ
δψµ
(L0 + L1) = −i12γµνρR̂νρ ≡ Ŝµ(0) + Ŝµ(1) , (2.17)
Ŝµ(1) ≡ e−1 δ
δψµ
L1 = −6γ⌊⌈2⌋⌉ψνΛµν⌊⌈2⌋⌉⌊⌈4⌋⌉F̂⌊⌈4⌋⌉ − 12γµν⌊⌈4⌋⌉ψνΛ⌊⌈4⌋⌉⌊⌈4⌋⌉
′F̂⌊⌈4⌋⌉′ . (2.18)
We now easily see that all the terms linear in Ŝµ(0) cancel themselves by the aid of the
identities such as
δ
(0)
Q F̂mnrs = −i16(ǫγmnrstŜ
(0)
t ) + i
4
3
(ǫγ⌊⌈mnrŜ (0)s⌋⌉ )
− i(ǫγµψµ)F̂mnrs + 4i(ǫγ⌊⌈m|ψt)F̂t|nrs⌋⌉ , (2.19a)
δ
(0)
Q F̂mnrs = +3(ǫγ⌊⌈mnR̂(0)rs⌋⌉) , (2.19b)
δ
(0)
Q Ĝm1···m7 = −i212 (ǫγ⌊⌈m1···m5R̂
(0)
m6m7⌋⌉
) + 7i(ǫγnψ⌊⌈m1)Ĝm2···m7⌋⌉n , (2.19c)
Ĝm1···m7 ≡ + 14!ǫm1···m7
n1···n4F̂n1···n4 . (2.19d)
We next see that the remaining Λ-dependent terms both of the types ≈ ψΛF̂ and
ψΛ2F̂2 cancel themselves, and therefore we establish the supersymmetric invariance: δQ(I0+
I1) = 0, when β = 0. As has been mentioned, since the case of β 6= 0 with I2 can be
re-obtained by the simple field redefinition (2.15), the total action I0 + I1 + I2 is also
invariant under the transformation rule (2.10) now with β 6= 0.
The advantage of the algorithm in (2.15) for the invariance check is that we have to take
only the variation δ
(0)
Q by Cremmer et al. [1]. This considerably simplifies the computation,
enabling us to fix the transformation rule for Λ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
. The presence of the ψ -linear term
in (2.19a,c) seems to be from the fact that the original Cremmer et al.’s transformation rule
δ
(0)
Q ψµ in (2.10b) is not duality-symmetric.
We next consider the on-shell closure of the gauge algebra. The only difference of our
transformation rule from that in [1] is the presence of ΛF̂ or βF̂ -terms in (2.10b), Λ-terms
in (2.10e), and (2.10d) itself. This does not pose any problem for the closure of gauge algebra,
seen as follows. First, the on-shell closure on eµ
m stays the same, because of F̂⌊⌈4⌋⌉ = 0.
The same is also true for the closure on A⌊⌈3⌋⌉ and on B⌊⌈6⌋⌉. The least trivial one is the
6
closure on ψµ, which eventually has no problem, because of the key relation δQF̂mnrs =
δ
(0)
Q F̂mnrs equivalent to (2.19a) on-shell. Finally the closure on Λm1···m4n1···n4 itself has no
problem, even though it looks awfully complicated, because this auxiliary field is decoupled
from any field equations, and in fact, it can be gauged away by an extra symmetry mentioned
next.
The absence of Λ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
from all the field equations suggests that this multiplier field
might be gauged away as a non-physical field. As a matter of fact, we can see the existence
of an extra symmetry [18] for Λ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
:
δηΛµ1···µ4
ν1···ν4 =
[
+ ∂⌊⌈µ1ηµ2µ3µ4⌋⌉
ν1···ν4 − 2δ⌊⌈µ1|⌊⌈ν1|∂ρη|µ2µ3µ4⌋⌉
ρ|ν2ν3ν4⌋⌉
]
+ (µi↔νi) , (2.20a)
δηAµνρ = − 624β−1 ηµνρ
⌊⌈4⌋⌉F̂⌊⌈4⌋⌉ , δηBµ1···µ6 = − 124β ǫνµ1···µ6
⌊⌈4⌋⌉η
⌊⌈3⌋⌉⌊⌈4⌋⌉
F̂ ⌊⌈3⌋⌉ν , (2.20b)
up to the next order terms.7 Here ηµ1µ2µ3
ν1···ν4 is an arbitrary space-time dependent param-
eter, anti-symmetric under ⌊⌈µ1µ2µ3⌋⌉ and under ⌊⌈ν1···ν4⌋⌉, but with no other (anti)symmetries.
Since we are interested only in the lowest-order, we are using the curved indices here. The
last operation in (2.20a) is just to make the r.h.s. have the same symmetry as the l.h.s. As
the examples in [18], the extra transformations for A⌊⌈3⌋⌉ and B⌊⌈6⌋⌉ vanish on-shell, and
more importantly, this symmetry can gauge away the auxiliary field Λ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
, when
β 6= 0 , β 6= 1
24
. (2.21)
Eventually, the only important role played by Λ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
is to yield the constraint (2.11) as a
multiplier field. The special case β = 0 or β = (24)−1 can be understood as a singular case,
when the kinetic term for A⌊⌈3⌋⌉ or B⌊⌈6⌋⌉ disappears. To see this more explicitly, consider
now the bosonic terms depending only A⌊⌈3⌋⌉ and B⌊⌈6⌋⌉ in the total lagrangian
LA,B = +12(β − 124)F 2⌊⌈4⌋⌉ + 1420βG2⌊⌈7⌋⌉ + 1144(β + 172) ǫ⌊⌈3⌋⌉⌊⌈4⌋⌉⌊⌈4⌋⌉
′
A⌊⌈3⌋⌉F⌊⌈4⌋⌉F⌊⌈4⌋⌉′ , (2.22)
up to non-essential higher-order terms. The singular case β = (24)−1 corresponds to the
absence of the kinetic term of A⌊⌈3⌋⌉, while the other singular case β = 0 corresponds to
the absence of G2⌊⌈7⌋⌉ -term. These singular cases β = 0, β = (24)
−1 do not accommodate
the extra symmetry (2.20), and therefore the Λ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
-field can not be gauged away as in
[18]. In other words, the presence of both the F 2⌊⌈4⌋⌉ and G
2
⌊⌈7⌋⌉ -terms seem to be crucial for
our formulation using the multiplier field, even though these singular cases would give the
simplest lagrangians.
7Even though this expression is only at the lowest order, other higher-order terms can be also
fixed which are skipped in this paper.
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3. Superspace Formulation
Once the component formulation has been established, we are ready to consider the
corresponding superspace formulation, as has been almost always the case with supergravity
theories. Due to the newly introduced six-form gauge field B⌊⌈6⌋⌉, we need to consider the
three independent superspace Bianchi identities (BIs)
∇⌊⌈ATBC)E − T⌊⌈AB|ETE|C)D − 12R⌊⌈AB|ef (Mf e)|C)D ≡ 0 , (3.1a)
1
4!
∇⌊⌈A1FA2···A5) − 13!·2T⌊⌈A1A2|BFB|A3A4A5) ≡ 0 , (3.1b)
1
7!
∇⌊⌈A1GA2···A8) − 16!·2T⌊⌈A1A2|BGB|A3···A8) + 1(4!)2F⌊⌈A1···A4FA5···A8) ≡ 0 . (3.1c)
We call these Bianchi identities respectively (ABC,D), (A1 · · ·A5) and (A1 · · ·A8) -types.
In this section of superspace (and the next section as well), we use the indices A, B, ··· for
the local Lorentz indices in superspace, which can be either bosonic a, b, ··· or fermionic
α, β, ···. The antisymmetrization symbol in (3.1) is different from the previous section for
components, because now we have e.g., C⌊⌈AB) ≡ CAB ± CBA with no factor of 1/2. This
notation is common to sections 3 and 4. As has been also known [13][20], the presence
of the Chern-Simons form in (3.1c) is crucial for the lowest engineering dimensional BI at
d = 0 via (3.4) below, also consistent with (2.8).
From the component result, we can see the relevant superspace constraints are
Tαβ
c = +i(γc)αβ , Fαβcd = +
1
2
(γcd)αβ , (3.2a)
Gαβc1···c5 = −i12(γc1···c5)αβ , (3.2b)
Tαb
γ = +i 1
144
(γb
⌊⌈4⌋⌉F⌊⌈4⌋⌉ + 8γ
⌊⌈3⌋⌉Fb⌊⌈3⌋⌉)α
γ
− i1
6
(γb
⌊⌈4⌋⌉Λ⌊⌈4⌋⌉
⌊⌈4⌋⌉′ + 8γ⌊⌈3⌋⌉Λb⌊⌈3⌋⌉
⌊⌈4⌋⌉′)α
γF⌊⌈4⌋⌉′
− i1
6
β(γb
⌊⌈4⌋⌉F⌊⌈4⌋⌉ + 8γ⌊⌈3⌋⌉Fb⌊⌈3⌋⌉)αγ , (3.2c)
F⌊⌈4⌋⌉ = F⌊⌈4⌋⌉ − 17!ǫ⌊⌈4⌋⌉⌊⌈7⌋⌉G⌊⌈7⌋⌉ = 0 . (3.2d)
As usual, we do not put any hat on field strengths in superspace, due to their manifest
supercovariance [21]. As is often with superspace for higher-dimensional supergravity, all
the equations are essentially on-shell [21]. Since dimension d = 2 BI will yield the field
equation F⌊⌈4⌋⌉ = 0, as will be seen, the presence of the F -terms in (3.2c) should not matter.
However, inclusion of them is useful to re-confirm important relationships used in component
formulation.
We now analyze these BIs at each engineering dimension. First of all, the BIs (3.1a)
and (3.1b) are not affected, except for the F -dependent terms in Tαbγ which we keep as
manifest, even though they vanish on-shell. Relevantly, the (αβcde) -type BI at d = 1 yields
the field equation F⌊⌈4⌋⌉ = 0. The (αbcde) -type BI at d = 3/2 yields one of the important
relationships:
∇αFbcde = −18(γ⌊⌈bc|)αβT|de⌋⌉β , (3.3)
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which is on-shell equivalent to (2.19a) in component. All other equations out of BIs in (3.1a)
and (3.1b) are formally equivalent to the case of [22][1]. The only non-trivial confirmation is
for (3.1c). At d = 0 for the (αβγδc1 · · · c4) -type BI, the following crucial identity is used:
(γe)(αβ|(γeabcd)|γδ) ≡ +18(γ⌊⌈ab|)(αβ|(γ|cd⌋⌉)γδ) , (3.4)
which is confirmed by another identity (γab)(αβ|(γb)|γδ) ≡ 0. It is this identity that requires
the presence of the Chern-Simons form in the field strength G⌊⌈7⌋⌉ [13][20]. The next non-
trivial confirmation is at d = 1 for (αβc1 · · · c6) -type BI, which consists of three structures
of γ -matrices: (i) γc1···c6
⌊⌈4⌋⌉F⌊⌈4⌋⌉, (ii) γ⌊⌈c1···c4|
⌊⌈2⌋⌉F|c5c6⌋⌉⌊⌈2⌋⌉, (iii) γ⌊⌈c1c2|F|c3···c6⌋⌉, after converting
F⌊⌈4⌋⌉ into G⌊⌈7⌋⌉ by (3.2d). Fortunately, all of these sectors vanish by cancellation of the
like terms by themselves, after the appropriate use of γ -matrix identities, such as γ⌊⌈10⌋⌉ ≡
+iǫ⌊⌈10⌋⌉mγm. At d = 3/2, we get
∇αGb1···b7 = −i 1480(γ⌊⌈b1···b5|)αβT|b6b7⌋⌉β , (3.5)
which is easily shown to be on-shell equivalent to (2.19c), and consistent with the duality
relation (2.11) or (3.2d). As usual at d = 2, we see that the appearance of θ = 0 sector is
consistent with the component field strength G⌊⌈7⌋⌉ (2.8) with the Chern-Simons form.
4. Couplings to Super M-5-Brane
In this section, we try to couple our 11D supergravity background to super M-5-brane.
Our action is in a sense simpler than those in [11] or [9][10][14], and circumvents the usual
problem [7] for an invariant lagrangian for self-dual field strength.
Our fundamental fields in 6D are (ZM , g
ij
, aij , b⌊⌈5⌋⌉, λ
ijk
(+), λ, ρ
ijk
(+), µ
(−)(−)
ijklmn, ν
(−)
ijk ).
8 Here
ZM is the 11D superspace coordinates, aij is antisymmetric field, gij is the 6D met-
ric, while the auxiliary tensor density λijk(+) and tensor ρ
ijk
(+) are self-dual with respect to the
indices ijk. The µ(−)(−)ijklmn is a tensor auxiliary field, and is anti-self-dual with respect to the
first three indices ijk, as well as to the last three indices lmn. The ν
(−)
ijk is a anti-self-dual
tensor density auxiliary field.
Our total action has five parts: the first term Sdet with a determinant, the constraint
terms Sλf , Sλg, Sµρλ and Sνρλ:
S ≡ Sdet + Sλf + Sλg + Sµρλ + Sνρλ ≡
∫
d6σ L , (4.1)
Sdet ≡
∫
d6σ
[
det (g
ij
−ΠiaΠja)
]1/2 ≡ ∫ d6σLdet , (4.2)
Sλf ≡
∫
d6σ λijk(+)fijk ≡
∫
d6σ Lλf , (4.3)
8Our 6D notation is
(
η
(i)(j)
)
= diag. (+,−,−,−,−,−), ǫ 012···5 = +1. We use
(i), (j), ··· = (0), (1), ···, (5) for local Lorentz indices, while i, j, ··· = 0, 1, ···, 5 for curved indices.
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Sλg ≡
∫
d6σ
(
2
6!
ǫi1···i6λg
i1···i6
+ eλ
)
≡
∫
d6σLλg , (4.4)
Sµρλ ≡
∫
d6σ µ(−)(−)ijklmnρ
ijk
(+)λ
lmn
(+) ≡
∫
d6σ Lµρλ , (4.5)
Sνρλ ≡
∫
d6σ ν(−)ijk ρ
ijk
(+)λ ≡
∫
d6σ Lνρλ . (4.6)
The field strengths f⌊⌈3⌋⌉ and g⌊⌈6⌋⌉ are defined by [23][24][9][11]
fijk ≡ 12∂⌊⌈iajk⌋⌉ −Aijk , Aijk ≡ ΠkCΠjBΠiAAABC , (4.7a)
g
i1···i6
≡ 1
5!
∂⌊⌈i1bi2···i6⌋⌉ − Bi1···i6 + 148a⌊⌈i1i2Fi3···i6⌋⌉ . (4.7b)
The Πi
A ≡ (∂iZM)EMA(Z) are the pull-backs from 11D superspace to the 6D world-
supervolume. As usual convention as in (4.7a), the 11D superspace indices A, B, ··· can be
replaced by the 6D indices i, j, ··· by the use of the pull-backs Πi
A. The 6D field strengths
f and g contain the 11D superfield potentials like the D-brane couplings [11][23][24]. Our
lagrangian Lµρλ or Lνρλ resembles those in [18], because this lagrangian is also bilinear,
but is a product of different fields ρ and λ. Note that the λ⌊⌈3⌋⌉ and ν⌊⌈3⌋⌉ -fields are tensor
densities by definition, and fijk in (4.3) needs no self-duality projector. Hence no gij is
involved in (4.3) and (4.4), except the eλ -term in the latter.
Our fermionic symmetry is dictated by the transformation rule
δζE
α ≡ (δζZM)EMα = κα− ≡ i(γ⌊⌈3⌋⌉ζ+)αρ⌊⌈3⌋⌉(+) , (4.8a)
δζE
a ≡ (δζZM)EMa = 0 , δζλijk(+) = 0 , δζρijk(+) = 0 , δζλ = 0 , (4.8b)
δζgij = δζ(Πi
aΠja) = −i(κ−γ(iΠj)) , δζe = −i(κ−γiΠi) , (4.8c)
δζaij = (δζE
B)ABij , δζbi1···i5 = (δζE
B)BBi1···i5 , (4.8d)
δζµ
(−)(−)
ijklmn = −i14(ζ+γijkγpγlmnΠp) , (4.8e)
δζν
(−)
ijk = −i16e(ζ+γijkγlmnpΠl)fmnp . (4.8g)
Here e ≡ det (ei(j)) ≡ √−g is the determinant of sechsbein in 6D. The γ -matrices such as
γi is defined by γi ≡ Πiaγa, satisfying the 6D Clifford algebra
{γi, γj} = 2gijI , (4.9)
under the embedding condition (4.17) below. We can also specify the chirality in 6D, defining
γ
7
≡ γ(0)···(5). The ζ+ is the parameter for our fermionic symmetry, and only its positive
chirality part is involved in our transformation. This fermionic symmetry deletes half of the
original 32 components in the coordinates θµ.
We first analyze our field equations, starting with that of the µ -field
ρijk(+)λ
lmn
(+) = 0 . (4.10)
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There are two solutions for this field equation: ρijk(+) = 0, and/or λ
ijk
(+) = 0. However, the
former leads to the trivial fermionic transformation in (4.8a), to be excluded as a trivial
option, so we concentrate on the latter solution:
λijk(+) = 0 . (4.11)
The b -field equation immediately yields ∂iλ = 0, i.e., λ = const. ≡ C, while the ν -field
equation λρijk(+) = 0 fixes this constant C to be zero:
λ = 0 . (4.12)
Now the ρ -field equation
µ(−)(−)ijklmnλ
lmn
(+) + ν
(−)
ijkλ = 0 , (4.13)
automatically holds under (4.11) and (4.12). Similarly, the a -field equation
3∂kλ
ijk
(+) − 124ǫijk1···k4Fk1···k4λ = 0 , (4.14)
is also satisfied by (4.11) and (4.12). The λ -field equation reads
2
6!
ǫi1···i6gi1···i6 + e+ ν
(−)
ijk ρ
ijk
(+) = 0 . (4.15)
The metric g
ij
-field equation is easy to see, because under (4.12) the only contribution is
from Ldet, whose general variation is9
δLdet = −12
[
det (g
kl
− ΠkcΠlc)
]−1/2
(g
ij
−ΠiaΠja) δ(gij −ΠibΠjb) . (4.16)
Thus the metric equation implies the embedding condition
g
ij
= Πi
aΠja . (4.17)
Under this condition, the ZM -field equation is also satisfied, because under (4.17) the only
possible contribution to this equation from Lλf or Lλg again vanishes under (4.11), e.g.,
δLλf/δZM = λijk(+)(δfijk/δZM) = 0. The only remaining field equation is that of λ⌊⌈3⌋⌉:
f (−)ijk + µ
(−)(−)
lmnijkρ
lmn
(+) = 0 . (4.18)
This field equation does not necessarily implies the self-duality f (−) = 0, but it is allowed
as a sufficient condition:
f (−)ijk = 0 , µ
(−)(−)
ijklmn = 0 . (4.19)
This feature that the self-duality of f is not forced by a field equation, but is allowed only
as a sufficient condition, is expected from the general argument of M-theory [7], and also
similar to ref. [11]. A more generalized self-duality: f (−)ijk = cf⌊⌈i|
mnfmn
lfl|jk⌋⌉ in [11] can be
9Note that the undesirable singularity at g
ij
− ΠiaΠja = 0 in δLdet can be easily avoided by
an alternative lagrangian: L′det ≡ e1−m
[
det
(
g
ij
−ΠiaΠja
)]m/2
for a real number m > 2.
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also embedded in (4.18) by ρlmn(+) = f
lmn
(+) and µijk
lmn = (c/6)f⌊⌈i
⌊⌈lmfn⌋⌉jk⌋⌉ with the appropriate
duality projection. From (4.8e) it is also clear that the solution (4.19) is not covariant under
our fermionic symmetry, similarly to [11]. This is also natural, because fermionic symmetries
can be generally fixed, in such a way that unwanted states are eliminated.
We now study the fermionic invariance of our total action. By the help of the useful
relationship [11]
δζfijk = −(δζEB)FBijk = −14(κ−γ⌊⌈ijΠk⌋⌉) = −i14(ζ+γ⌊⌈3⌋⌉γ⌊⌈ijΠk⌋⌉)ρ
⌊⌈3⌋⌉
(+) , (4.20a)
δζgi1···i6 = −i 1240(κ−γ⌊⌈i1···i5Πi6⌋⌉) + 124(κ−γ⌊⌈i1i2Πi3)fi4i5i6⌋⌉ , (4.20b)
we easily see that
0 =? δζL = δζ(Lλf + Lλg + Lµρλ + Lνρλ)
= + λijk(+)(−32)(κ−γijΠk) + λ
[
ie(κ−γ7γ
iΠi) +
1
6
e(κ−γ7γ
i⌊⌈3⌋⌉Πi)f⌊⌈3⌋⌉ − ie(κ−γiΠi)
]
− i1
4
(ζ+γ⌊⌈3⌋⌉γ
iγ⌊⌈3⌋⌉′Πi)ρ
⌊⌈3⌋⌉
(+)λ
⌊⌈3⌋⌉′
(+) − i16eλ(ζ+γ⌊⌈3⌋⌉γi⌊⌈3⌋⌉
′
Πi)f⌊⌈3⌋⌉′ρ
⌊⌈3⌋⌉
(+)
= + 1
4
(κ−γ
kγ⌊⌈3⌋⌉Πk)λ
⌊⌈3⌋⌉
(+) + i
1
6
eλ(ζ+γ⌊⌈3⌋⌉γ
i⌊⌈3⌋⌉′Πi)ρ
⌊⌈3⌋⌉
(+)f⌊⌈3⌋⌉′
− i1
4
(ζ+γ⌊⌈3⌋⌉γ
iγ⌊⌈3⌋⌉′Πi)ρ
⌊⌈3⌋⌉
(+)λ
⌊⌈3⌋⌉′
(+) − i16eλ(ζ+γ⌊⌈3⌋⌉γi⌊⌈3⌋⌉
′
Πi)ρ
⌊⌈3⌋⌉
(+)f⌊⌈3⌋⌉′
= + i1
4
(ζ+γ⌊⌈3⌋⌉γ
iγ⌊⌈3⌋⌉′Πi)ρ
⌊⌈3⌋⌉
(+)λ
⌊⌈3⌋⌉′
(+) − i14(ζ+γ⌊⌈3⌋⌉γiγ⌊⌈3⌋⌉′Πi)ρ
⌊⌈3⌋⌉
(+)λ
⌊⌈3⌋⌉′
(+) = 0 , (4.21)
based on relations such as γ
7
γ⌊⌈3⌋⌉λ
⌊⌈3⌋⌉
(+) = −γ⌊⌈3⌋⌉λ⌊⌈3⌋⌉(+), κ−γ7 = +κ−, etc.
In our formulation, we have no σ -model type kinetic term. This situation is similar to
ref. [11], but the system allows a generalized self-duality for fijk, as a special case. This is
natural in the super M-5-brane formulation, in the sense that the physical field is now fijk,
instead of the σ -model coordinates ZM . It is interesting that our auxiliary field µ(−)(−)ijklmn has
the index symmetries similar to the 11D superspace auxiliary superfield Λa1···a4b1···b4 .
5. Concluding Remarks
In this paper, we have presented a very simple duality-symmetric local lagrangian formu-
lation that utilizes only one tensor multiplier field Λ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
. Compared with the recent paper
on a similar subject [13], our formulation has simpler constraint lagrangians whose structure
is essentially the same as that proposed by Siegel [18]. The corresponding superspace formu-
lation with the manifest duality relation between F⌊⌈4⌋⌉ and G⌊⌈7⌋⌉ is straightforward. Also
presented is a new super M-5-brane action, allowing the self-duality for the field strength
fijk, formulated on our 11D duality-symmetric supergravity backgrounds.
We saw that our new super M-5-brane action has couplings more natural than the for-
mulation in [11], in the sense that the embedding condition of the 6D metric in terms of the
pull-back comes out as a field equation. Our lagrangian is also simpler than the formulation
using the unit vector with scalar field [14][9]. It is also interesting to see if the dual version
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for N = 1 supergravity in 10D [25] can be re-obtained by performing double-dimensional
reductions [26] into superstrings.
Note that our invariant lagrangian does not force the field strength fijk to be self-dual
as a necessary condition, but instead, the self-duality is allowed as a sufficient condition.
Therefore our lagrangian bypasses the obstruction for constructing an invariant lagrangian
for a chiral two-form in 6D [7][27]. This obstruction was from various considerations leading
to the conclusion that a chiral two-form in 6D can not have an invariant modular form that
is needed for an invariant lagrangian [7][27]. In other words, since our field strength fijk is
not necessarily a self-dual field, we can construct an invariant lagrangian. This feature is
similar to that in [11].
The method we used in 11D resembles that in [18] with a constraint lagrangian bilinear in
the constraint and linear in the multiplier field, with eight indices in our case. Such a system
prevents the multiplier field from propagating. A similar method is also used in our 6D
super M-5-brane action. We have also seen that the existence of the F 2⌊⌈4⌋⌉ and G
2
⌊⌈7⌋⌉ -terms
are crucial for the multiplier field to be gauged away by the extra symmetry (2.20) in the
standard manner [18]. For this reason we should avoid the singular cases β = 0, β = (24)−1.
Despite of the eight-index auxiliary field Λ⌊⌈4⌋⌉⌊⌈4⌋⌉
′
, our action is much simpler than that in [13]
utilizing a scalar field a(x) with its gradient vµ ≡ [(∂νa)2]−1/2∂µa [14] whose non-invariance
under supersymmetry10 makes the computation more involved.
Our 11D superspace BIs are satisfied, only if the new F̂ -dependent terms vanish. In
other words, these ‘on-shell vanishing’ F̂ -terms do not satisfy the BIs, in contrast with
the usual off-shell formulation in superspace supergravity, where all the auxiliary-dependent
terms also satisfy the BIs. In this sense, our superspace constraints are on-shell equivalent
to those in ref. [1], like the formulation with scalar auxiliary superfields in [13].
As long as β 6= 0, β 6= (24)−1 for the possible η -symmetry, there are always kinetic
terms both for A⌊⌈3⌋⌉ and B⌊⌈6⌋⌉, and conjugate momenta for these fields exist, even though
only half of the total degrees of freedom are counted as physical ones by the duality by the
Λ-field equation. In other words, only the cases β 6= 0, β 6= (24)−1 seem to allow simple
quantization. This feature is more elucidated in our formulation than that with scalar field
[14][13], and makes our formulation practically more useful.
Thanks to the simplicity of the system, our formulation provides a good working ground
for studying various aspects of M-theory, such as D-brane couplings with a two-form field
strength, more unified super M-5-brane couplings with self-dual three-form field strength,
non-perturbative aspects, double-dimensional reduction to supermembrane [2][26], or rela-
tionships with the dual formulation in 10D [25].
Special acknowledgements are for M. Cederwall, N. Berkovits, S.J. Gates, Jr., B.E.W. Nils-
son, and W. Siegel for important communications.
10Note that the unit vector vµ in [14][13] is not invariant under supersymmetry due to the metric
tensor involved in the scalar product (∂νa)
2 ≡ gµν(∂µa)(∂νa).
13
References
[1] E. Cremmer, B. Julia and N. Scherk, Phys. Lett. 76B (1978) 409; E. Cremmer and B. Julia, Phys. Lett. 80B
(1978) 48; Nucl. Phys. B159 (19790) 141.
[2] E. Bergshoeff, E. Sezgin and P.K. Townsend, Phys. Lett. 189B (1987) 75; Ann. of Phys. 185 (1988) 330.
[3] A. Achucarro, J. Evans, P. Townsend and D. Wiltshire, Phys. Lett. 198B (1987) 441.
[4] H. Nicolai, P.K. Townsend and P. van Nieuwenhuizen, Lett. Nuovo. Cim. 30 (1981) 315; R. D’Auria and P. Fre´,
Nucl. Phys. B201 (1982) 101.
[5] H. Nicolai and P.K. Townsend, Phys. Lett. 98B (1981) 257.
[6] For reviews, M. Duff, Int. Jour. Mod. Phys. A11 (1996) 5623; J.H. Schwarz, Lectures given at the ICTP Spring
School (Mar. 1996), and TASI Summer School (June, 1996).
[7] E. Witten, Five-Brane Effective Action in M-Theory, Jour . of Geom. Phys. 22 (1997) 103.
[8] R. Gu¨ven, Phys. Lett. 276B (1992) 49; O. Aharony, Nucl. Phys. B476 (1996) 47; E. Bergshoeff, M. de Roo
and T. Ort´in, Phys. Lett. 386B (1996) 85; P. Pasti, D. Sorokin and M. Tonin, Phys. Lett. 398B (1997) 41;
M. Aganagic, J. Park, C. Popescu and J.H. Schwarz, Nucl. Phys.B496 (1997) 191; D. Sorokin and P.K. Townsend,
Phys. Lett. 412B (1997) 265.
[9] I. Bandos, K. Lechner, A. Nurmagambetov, P. Pasti, D. Sorokin and M. Tonin, Phys. Rev. Lett. 78 (1997) 4332.
[10] M. Perry and J.H. Schwarz, Nucl. Phys. B489 (1997) 47; J.H. Schwarz, Nucl. Phys. B395 (1997) 191; S.P. de
Alwis, Coupling of Branes and Normalization of Effective Actions in String/M-Theory, hep-th/9705139.
[11] M. Cederwall, B.E.W. Nilsson, and P. Sundell, An Action for the Super-5-Brane in D=11 Supergravity, hep-
th/9712059.
[12] P.S. Howe and E. Sezgin, Phys. Lett. 394B (1997) 62; P.S. Howe, E. Sezgin and P.C. West, Phys. Lett. 399B
(1997) 49; T. Adawi, M. Cederwall, U. Gran, M. Holm and B.E.W. Nilsson, Superembeddings, Non-Linear Su-
persymmetry and 5-branes, hep-th/9711203.
[13] I. Bandos, N. Berkovitz and D. Sorokin, Duality-Symmetric Eleven-Dimensional Supergravity and its Coupling to
M-Branes, hep-th/9711055.
[14] P. Pasti, D. Sorokin and M. Tonin, Phys. Rev. D52 (1995) 4277; ibid. D55 (1997) 6292.
[15] H. Nishino and E. Sezgin, Phys. Lett. 388B (1996) 569; H. Nishino, Supergravity in 10+2 Dimensions as Con-
sistent Background for Superstring, etc., hep-th/9703214; hep-th/9706148; hep-th/9708064.
[16] I. Bars, Algebraic Structure of S-Theory, Talks at 2nd Sakharov Conf. and Strings ’96, hep-th/9608061.
[17] H. Nishino, Lagrangians and Covariant Field Equations for Supersymmetric Yang-Mills Theory in 12D, hep-
th/9710141, to appear in Phys. Lett. B.
[18] W. Siegel, Nucl. Phys. B238 (1984) 307.
[19] P. van Nieuwenhuizen, Phys. Rep. 68C (1981) 189.
[20] A. Candiello and K. Lechner, Nucl. Phys. B412 (1994) 479.
[21] S.J. Gates Jr., M.T. Grisaru, M. Rocˇek and W. Siegel, Superspace, Benjamin/Cummings, Reading, MA, 1983.
[22] E. Cremmer and S. Ferrara, Phys. Lett. 91B (1980) 61; L. Brink and P. Howe, Phys. Lett. 91B (1980) 384.
[23] P.K. Townsend, Phys. Lett. 373B (1996) 68.
[24] M. Cederwall and A. Westerberg, World-Volume Fields SL(2,Z) and Duality: The Type IIB 3-Brane, hep-
th/9710007.
[25] S.J. Gates, Jr. and H. Nishino, Phys. Lett. 157B (1985) 157; ibid. 173 (1986) 46; ibid. 173B (1986) 52;
Nucl. Phys. B291 (1987) 205.
[26] M. Duff, P.S. Howe, T. Inami and K.S. Stelle, Phys. Lett. 191B (1987) 70.
[27] E. Witten, private communication.
14
